Astronomy & Astrophysics manuscript no. 15356 


©ESO 2011 


February 11,2011 





o 

(N 
D 



o 

(N 
(N 



X 



Tracing the evolution of NGC6397 tlirough the chemical 
composition of its stellar populations * 

K. Lind'-^, C. Charbonnel^'^ , T. Decressin^, F. Primas^ F. Grundahl^, and M. Asplund^ 

' European Southern Observatory (ESO), Karl-Schwarzschild-Strasse 2, 857 48 Garching bei Miinchen, Germany 
^ Geneva Observatory, 51 chemin des Mailettes, 1290 Sauvemy, Switzerland 

Laboratoire d'Astrophysique de Toulouse-Tarbes, CNRS UMR 5572, Universite de Toulouse, 14, Av. E.Belin, F-31400 Toulouse, 

France 

* Argenlader Institut fiir Astronomie (AlfA), Universitat Bonn, Auf dem Hiigel 71, 531 21 Bonn, Germany 
^ Department of Physics & Astronomy, Aarhus University, Ny Munkegade, 8000 Arhus C, Denmark 

* Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschild-Strasse 1, 857 41 Garching bei Miinchen, Germany 
e-mail: klind@mpa-garching.mpg . de 

Received 07/07/2010, accepted 28/11/2010 

ABSTRACT 

Context. The chemical compositions of globular clusters provide important information on the star formation that occurred at very 
early times in the Galaxy. In particular the abundance patterns of elements with atomic number z < 13 may shed light on the properties 
of stars that early on enriched parts of the star-forming gas with the rest-products of hydrogen-burning at high temperatures. 
Aims. We analyse and discuss the chemical compositions of a large number of elements in 21 red giant branch stars in the metal-poor 
globular cluster NGC6397. We compare the derived abundance patterns with theoretical predictions in the framework of the "wind 
of fast rotating massive star"-scenario. 

Methods. High-resolution spectra were obtained with the FLAMES/UVES spectrograph on the VLT. We determined non-LTE abun- 
dances of Na, and LTE abundances for the remaining 21 elements, including O (from the [OI] line at 630 nm), Mg, Al, a, iron-peak, 
and neutron-capture elements, many of which had not been previously analysed for this cluster. We also considered the influence of 
possible He enrichment in the analysis of stellar spectra. 

Results. We find that the Na abundances of evolved, as well as unevolved, stars in NGC 6397 show a distinct bimodality, which is 
indicative of two stellar populations: one primordial stellar generation of composition similar to field stars, and a second generation 
that is polluted with material processed during hydrogen-burning, i.e., enriched in Na and Al and depleted in O and Mg. The red 
giant branch exhibits a similar bimodal distribution in the Stromgren colour index c,, = ci - (b- y), implying that there are also large 
differences in the N abundance. The two populations have the same composition for all analysed elements heavier than Al, within 
the measurement uncertainty of the analysis, with the possible exception of [Y/Fe]. Using two stars with almost identical stellar pa- 
rameters, one from each generation, we estimate the difference in He content, AY = 0.01 ± 0.06, given the assumption that the mass 
fraction of iron is the same for the stars. 

Conclusions. NGC 6397 hosts two stellar populations that have different chemical compositions of N, O, Na, Mg, and probably Al. 
The cluster is dominated (75%) by the second generation. We show that massive stars of the first generation can be held responsible 
for the abundance patterns observed in the second generation long-lived stars of NGC 6397. We estimate that the initial mass of this 
globular cluster is at least ten times higher than its present-day value. 

Key words. Stars: abundances - Stars: Population II - Globular clusters: individual: NGC6397 - Techniques: spectroscopic - 
Methods: observational 



1. Introduction their possible consequences for the formation and enrichment 

sJI history of these stellar popu lations h ave been presented in a se- 

^ The abundance patterns of light elements (up to Al) in globular ^^^^ of pub lications by Carretta et alJle.g. 2009a. 20 10) (see also 

■ ■ clusters are m the process of bemg carefully mvestigated. In par- ^gyig^^ bv lGratton et alJl2004l and lCharbonnelll2d05l) . The i 
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ticular, many groups are studymg the origm of the larger spread findings, as inferred from high-resolution spectroscopy of indi- 
m C, N, O, Na, Mg, and Al abundances compared to field stars ^j^ual globular cluster stars, are apparent enhancements of N, 
of simdar metallicity. The present status of the observed light el- ^a, and Al abundances and deficiencies in Li, O, and Mg. These 
ement (O, Na, Mg, and Al) abundances m globular clusters and patterns can be naturally explained in terms of the enrichment of 

the nuc leosynthesis rest-products of H-bu r ning at high temper - 



* Based on data collected at European Southern Observatory (ESO), atures ("Penisenkov & Denisenkoval Il989t iLanger et aP Il993h . 

Paranal, Chile, under program IDs 077. A-00 18(A) and 28 l.D-5028(A), Since the resulting anti-correlations between the O-Na abun- 

as well as data collected with the Danish 1.54 m at European Southern dances in particular have not only been seen in evolved red gi- 

Observatory (ESO), La Silla. branch (RGB) s tars, but also in tur n-off (TO) and subgiant 

** Two tables with line equivalent widths, chemical abundances, branch (SOB) stars (iGratton et all lMl. an intrinsic stellar evo- 

and stellar parameters are only available in electronic form at the • ^i. 

„T^„ ^ . J » u r /nr. -ir. no cN lutionary causc IS Very Unlikely, I.e. the stars cannot havc cstab- 

CDS via anonymous ftp to cdsarc.u-strasbg.tr (130.79.128.5) or via ,. , , , , , , , t • • i, i- i 

Ihttp : //cdsweb ■ u- strasbg . fr/cgi-bin/qcat?J/A+A/. ^'^^^"^ abundance patterns themselves. It is instead believed 
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that the gas that formed second generation stars in globular clus- 
ters underwent early pollution by slow ejecta from intermediate 
or massive stars. 

In this context, it is significant that photometric evidence of 
multiplicity has been found in some clusters, e.g. the parallel 
main sequences identified in lo Cen and NGC 2808. These obser- 
vations seemingly necessitate that a difference in the He content 
be present (e.g. Norris 2004), in qualitative agreement with the 
self-enrichment process responsible for the other light-element 
variations. HeUum enrichment is also commonly invoked to ex- 
plain the extended horizo ntal branch observed in many clusters 
(iD'Antona & Caloill2008b . We are, however, far from building 
a fully consistent picture of the chemical evolution of globular 
clusters that can explain all the various observations simultane- 
ously. 

A key unknown is the nature of the polluting objects. One 
possibility is that so-called hot bottom burning occurs at the 
base of the convective envelope in intermediate-mass stars dur- 
ing the asymptotic giant branch (AGB) phase, leaving nucle- 
osynthesis products in the envelopes that are subsequently ex- 
pelled fVenturaife D'Antona 2008, 2010). In addition, super- 
AGB stars have been suggested to be responsible for the most 
extreme anomalies (iPumo et al.ii2008i) . The main alternative sce- 
nario is a slow mechanical wind from rapidly rotating massive 
stars (e.g. iDecressin et aP 12007 a), whose envelopes have been 
enriched in H-burning products by means of deep internal mix- 
ing (see Sect.|4]i. Yet another o ption is mass loss fro m massive 
binary systems, as suggested by de Mink et al.l (l2009h . 

By performing accurate abundance analysis of many ele- 
ments (and isotopic ratios) in large stellar samples, we may be 
able to pin-point the nature of the progenitors (e.g. iCharbonnell 
I2005L and references therein). A common property of the com- 
peting scenarios is that the pollution would mainly alter the light 
element abundances of the second generation stars in globu- 
lar clusters, thus leaving a and iron-peak elements unaffected. 
This is necessary to explain the homogeneous composition of 
these elements seen in most clusters. Elements created in the s- 
process may be affected by AGB pollution, suggesting that cor- 
relations exist between s-process and light element anomalies. 
In NGC 6752, an unexplained correlation was indeed ident ified 
between Al abundances and Y, Zr, and Ba ( Yong et alJ2005h . but 
the systematic heavy element variations are small (0. 1 dex) and 
comparable to the statistical scatter One mus t also be ar in mind 
that the yields o f AGB stars are uncertain (e. g. 
IDecressin etani2b 09; Vent ura & D'Antonall2( 



lCharbo nnel2007: 
1I2010I) . 



In addition to mapping the presence of abundance trends and 
correlations, it is also essential to investigate, preferably with 
sound number statistics, the fraction of stars with normal chem- 
ical compositions, similar to those in the field, and the fraction 
of second and possibly third generation stars in globular clus- 
ters. Linking this information to other cluster observables, one 
may construct a sc hematic model for t he episodes of star forma- 
tion and evolution. ICarretta et alJ (12010 ) describe a possible gen- 
eral formation scenario in which a precursor population, forming 
from the gas assembled at a very early epoch inside a CDM halo, 
efficiently raises the metal content of the gas cloud via core- 
collapse supernova explosions. These trigger a second, large 
episode of star formation, the so-called primordial population 
(first generation). The slow winds of massive or intermediate- 
mass stars of the primordial population feed a cooling flow, and 
the intermediate (second) generation of stars are formed in the 
central parts of the cluster, out of material enriched in H-burning 
products. The remaining gas is dispersed by core-collapse super- 
novae of the second generation and star formation ceases. The 



present-day cluster is dominated by the second generation, with 
a smaller fraction, approximately 30%, being left of the primor- 
dial population. Critical factors determining the outcome of this 
scenario are the initial mass function (IMF) of the polluting stars, 
the initial total mass of the cluster, and the amount of mixing be- 
tween processed gas in the slow stellar ejecta and pristine cluster 
gas. We discuss these issues in Sect.|4] 

HST photometry of NGC 6397 produces a rem arkably clean 
HR-diagram, with a very tight main sequence dRicher et al.l 
2008) and a very compact blue horizontal branch, i.e. there 
are no obvious photometric signs of multiple populations. The 
cluster is well-studied in terms of numbers of stars for which 
high-resolution spectra have been obtained, but only a hand- 
ful of elements have previously been arialysed even on the 
RGB (most recendy by'Castilho et al."2000';'Gratton et al."'2001t 
Thevenin et al. 2001; Korn et al. 2007; Carretta et al. 2009a), as 
summarised in Table [1] 

Early studies of the strengths of the G and CN band in 
RGB stars in NGC 6397 (and other clusters) sugg ested that 
there are anomalies in their C and N abundances (Be ll et al] 
1979; Briley etal. 1990). Eventually, Grattonetal. (200l]) also 
detected a significant spread in Na abundance for a sample 
of ten TO stars and RGB stars, findings that c learly pointed 
to an intrinsic, rather than evolutionary, origin. ICarretta et al.l 
(2005') corroborated these findings for a larger sample of stars 
and also found a significant O-Na anti-correlation, as well as 
a large spread in C and N abu ndance (see a lso Pasqui nTet al.l 
;M)4). In the latest analysis by Carretta et all (l2009b a), the O- 
Na anti-correlation is present, although the number statistics 
are still rather small, oxygen measurements in particular being 
few in number. A Mg-Al anti-correlation has not been identi- 
fied in_>JGC6397^ut Mg also seems t o exhibit a certain scat- 
ter (iKorn et al.ll2007l) . lLind etal.1 ( l2009 l). hereafter Paper I, pre- 
sented Na abundances for > 100 TO, SGB, and RGB stars, and 
found that the most heavily Na-enriched stars are also signifi- 
cantly depleted in Li. It is thus clear that NGC 6397, like other 
globular clusters, should no longer be regarded as a single stel- 
lar population despite the tightness of its colour-magnitude di- 
agram. However, even if pollution indeed seems to have taken 
place in the cluster, it is unclear to which extent, and which el- 
ements are affected by it. In this study, which targets red giants, 
we cover as many elements as possible for a large sample of stars 
and give a more decisive answer to this question. 

2. Observations and analysis 

We obtained high-resolution {R = 47000) spectra with the multi- 
object fibre spectrograph FLAMES/UVES on the VLT, covering 
the wavelength range 480-680 nm (UVES Red 580 standard set- 
ting). For a subset of six stars, we also have spectra covering the 
wavelength range 760-lOOOnm (UVES Red 860 standard set- 
ting). Our targets are all RGB stars, whose surface abundances 
should reflect the initial composition of cluster gas, with the no- 
table exceptions of Li and Be, which are not studied here (Li 
abundances were published in Paper I). In particular , any inter- 
nal abundance gradients created by atomic diffusion (iKorn et al.l 
2007; Lind et al. 2008) during the main sequence have been 
erased by the growth of the convective envelope. 

We consider here a subset of the targets analysed in Paper I, 
and we refer to that study for a detailed description of the obser- 
vations, data reduction, and stellar parameter determination. In 
brief, we determined effective temperatures from the {b-y) pho- 
tometric index, interpolating between data points in the grid of 
synthetic Stromgren colours computed by lOnehag et al.l (l2009h 
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Fig. 1. The targeted RGB stars are marked with black bullets in 
the y - (v - y) diagram of NGC 6397. The RGB bump is located 
atV ~ 12.6. 



using MARCS model atmospheres jGustafsson et alj l2008h . 
Surface gravities were derived from the standard relation to mass 
and luminosity. In total, we present abundances for 21 red gi- 
ants distributed along the upper RGB of NGC 6397 (see Fig.]!]), 
above and below the bump. The targets span a total range of 
approximately 500 K in effective temperature and 1 .5 dex in sur- 
face gravity. 

The full list of lines used in the analysis is given in Appendix 
A (except for all iron lines, which are listed in Paper I), with 
references to the oscillator strengths that were adopted. The 
wavelengths and the majority of /-values were taken from the 
Vienna Atomic Line Database (VALD). In all abundance analy- 
ses we used ID, LTE, spherically symmetric, hydrostatic model 
atmospheres computed with the MARCS code dGustafsson et alj 
120081) . For O, Na, Mg, and Al hnes, we applied spectrum syn- 
thesis with the Uppsala code Bsyn, whereas all other elemen- 
tal abundances were determined from equivalent width mea- 
surements of single lines that were translated to abundances 
with the corresponding code Eqwidth. Abundance ratios with 
respect to the Sun we re calculated using the solar abundances of 
lAsplund et al.l (12009^. The listed abundance errors reflect only 
the measurement uncert ainty, as estimated from the signal-to- 
noise ratio of the spectra (iNorris et al.l2001h . and do not consider 
uncertainties in the adopted stellar parameters. Upper limits to 
the equivalent width, hence the abundance, were calculated by 
adding the estimated measurement uncertainty twice to the best- 
fit synthetic spectrum. Our analysis has its obvious limitations 
in that it relies mostly on traditional ID modelling and LTE line 
formation, and neglects hyperfine splitting. However, the mod- 
elling procedure is fully adequate for establishing a robust inter- 
nal abundance scale, which is our primary objective. 

Fig.|2] shows the observed and best-fit model spectra of O, 
Na, Mg, and Al Hnes in two RGB stars, #17691 and #12138. The 
abundances of these four elements were all based on weak lines, 
whose line formation do not depart substantially from LTE. For 
Na only, we computed and adopted non-LTE abundances for all 
targets, whereas LTE was assumed to hold for the other species. 
The oxygen abundance was determined from the forbidden line 
at 630 nm, which is believed to have negligible non -LTE cor- 
rections, but may be sen sitive to granulation effects (iKiseknanl 
l200HlNissen irani2002h . For the four targets for which this was 
possible, we also determined the oxygen abundance based on the 
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Fig. 2. The figure shows some sample UVES spectra and the best 
fitting synthetic models and +lcr profiles. The top spectrum in 
each panel represents a second generation star (12138) and the 
bottom a first generation star (17691). 



NIR triplet lines at 777.1 nm and 777.4 n m, finding very good 
agreement with the 630 nm line in LTE. Fabbian et al. (2009|) 
predict non-LTE corrections for the triplet lines to be of the or- 
der of -0.05... - 0.08 d ex for our targets, a dopting hydrogen col- 
lisions with 5h = LO (iPereira et alJ2009l) . Applying this correc- 
tion would slightly lessen the agreement with the forbidden line. 
However, a different ch oice of oscillator strength (e.g. that by 
IStorev & ZeippenI 120001) . would lower the oxygen abundances 
inferred from the 630 nm line by a similar amount. 

The Na abundances were based on the 568.2 nm and 
568.8 nm doublet lines by interpolating between non-LTE curve- 
of-growths, established with the mos t recent atomic data for a 
grid of MARCS model atmospheres (iLind et al.l201 ll) . The non- 
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LTE corrections are moderate, being of the order of -0.07 dex 
for stars with these stellar parameters. For five targets, we com- 
pared the abundances inferred from the 568.2/568.8 nm lines 
with those inferred from the 818. 3/819. 4nm lines in Paper I. To 
ensure that the set of Na abundances are fully consistent with the 
current study, we used the published equivalent widths in Paper 
I and recomputed the abundances based on the latest non-LTE 
calculations. For these near-infra red lines, LTE analysis overes- 
timates the abundance by 0.15 - 0.35 dex, depending on the line 
strength and stellar parameters. As seen in Fig.|4] the non-LTE 
corrected abundances agree reassuringly well within the uncer- 
tainties. 

The Mg abundanc e was determined from the Mg line 
at 571.1 nm, for which [Shimanskava et al.l (l2000h report non- 
LTE corrections that are smaller than 0.02 dex for the rele- 
vant stellar parameters. We note that adopting a calculated (e.g. 
[Chang 1990) , rather than experimentally determined f-value 
dLincke & Ziegenbeinlll97il) for this line would systematically 
lower the Mg abundances by ~ 0. 1 dex. The doublet lines of neu- 
tral Al at 669.6/669.8 nm were used to infer the Al abundance. 
We did not find any non-LTE calculations in the literature for 
these lines in metal-poor giant stars, but since they are weak, 
high-excitation lines, they should at least be more reliable abun- 
dance indicators in LT E than the stron ger UV resonance lines 
at 396. 1/394. 4nm (e.g. AsRlun||2Q05i). Furthermore, since our 
targets all have quite similar stellar parameters, the differential 
non-LTE effects should be small. 
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Fig. 4. Non-LTE Na abundance variation with effective tempera- 
ture in NGC 6397. Bullets represent the RGB stars that are anal- 
ysed in this study (abundance based on 568. 2/568. 8nm lines) 
and open diamonds the stars analysed in Paper I dLind et al] 
2009, abundance based on 818.3/819.4nm lines). The stud- 
ies have five targets in common. The grey shaded area illus- 
trates, given a range of different initial Na abundances, the pre- 
dicted evolution of the surface abundance based on a model with 
atomic diffusion and turbulence below the outer convective zone 
dRichard et alj|200l model T6.0) 



3. Abundance analysis 

Fig. |3] shows [Fe/H] and abundance ratios relative to F^^for all 
stars (see individual star abundances in Appendix A). Table [1] 
Usts the mean abundance and dispersion in all elements, com- 
pared to values found in the literature. Only recent studies that 
analysed stars on the upper RGB, in approximately the same 
magnitude range as our targets, are included in the comparison. 

3.1. O, Na, Mg, and Al 

In agreement with previ ous findings for the cluster (e.g. 
ICarretta et al.1l2005l l2009aL and Paper I), we find a large spread 
in Na abundance. Fig.|4] shows how Na abundances vary with 
effective temperature for post-TO stars in the cluster, including 
the RGB star abundances determined in this study, as well as 
our improved abundance determinations for the sample of TO, 
SGB, and RGB stars analysed in Paper L It is apparent that 
the mean Na abundance is higher by approximately 0.2 dex in 
the RGB stars (T^ff < 5600 K), compared to the TO and SGB 
group (Teff > 5950 K). For these low-mass stars, classical mod- 
els do not predict any dredge-up of fresh Na produc ed in situ by 
proto n-capture on pristine ^^Ne (see e.g. Charbonnel & Lagardd 
12010 ). so the reason for the apparent Na enhancement must lie 
elsewhere. A similar difference was identified by D' Orazi et al.l 
(1201 Oh . between dwarfs and giants in 47 Tuc, which they pro- 
pose to be an artificial result, stemming from the assumption of 
Gaussian line profiles when determining the equivalent widths 
of the 818.3/819.4nm lines. This is not the case for our study, 
since we use a full spectrum synthesis. Considering in particular 
the good agreement between the 818.3/819.4nm lines and the 
568.2/568.8 nm lines for the five RGB stars for which both are 
observed (the mean difference between the doublet is 0.03+0.04, 



— RGBrrf,<5600K 
■ - TO/SGB rrf,>5950K 
A(Na)+0.2 dex 




Fig. 5. The left hand panel shows two histograms of the abun- 
dances displayed in Fig.|4] separating RGB stars (solid line) 
from TO and SGB stars (dashed line). A shift of +0.2 dex has 
been added to the TO/SGB group to correct for the presumed ef- 
fects of atomic diffusion (see text). The right hand panel shows a 
histogram of the whole sample and a double-Gaussian fit to the 
distribution. 



we propose that the 0.2 dex difference is real. This is indeed the 
amount expected from stellar structure models including atomic 
diffusion, moderated by a certain degree of turbule nce below the 
outer convection zone, as illus trated in Fig.|4l(se e lRichard et al 



120051, and references therein). [Korn et al] ( 20071) and iLind et al 
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(l2008h found differences of similar size between dwarf and giant 
star abundances of Fe and Mg in NGC 6397, that are well repro- 
duced by the T6.0 model of Richard et al.. We therefore propose 
that the TO and SGB stars have lower photospheric Na levels 
because of gravitational settling from the envelope, whereas the 
initial abundance has been reinstated in the photospheres of RGB 
stars, by the dredge-up of segregated pristine material when the 
convection zone deepened. We note that even if atomic diffu- 
sion accounts accurately for the abundance differences between 
dwarfs and giants in NGC 6397, the situation may be different 
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Fig. 3. Elemental abundances of all targets. Each panel spans 1 dex in abundance and marks the average abundance (solid line) and 
the Icr dispersion limits (dashed lines). Two different symbols are used for [Ti/Fe], [Cr/Fe], and [Fe/H]: the red open circles and 
the black bullets in these panels represent abundances inferred from neutral and singly ionised lines, respectively. The hottest star 
in each panel marks the completeness limit, i.e. all sample stars cooler than this limit are shown. 



for 47Tuc. This cluster ha s a higher metallicity ([Fe/H]=-0.76, 
iKoch & McWilliamll2008h and hosts TO stars with cooler effec- 
tive temperatures and larger convective envelopes, which implies 
that settling is less efficient in this cluster 

Accounting for the presumed effect of atomic diffusion and 
adjusting the Na abundances of TO and SGB stars by +0.2 dex, 
the abundance histograms shown in Fig. |5] reveal an interesting 
pattern. The Na abundance distribution of both groups clearly 
appears to be bimodal, having two peaks separated by x 0.4 dex 
and the one at higher abundance being larger than the other. The 
right hand panel of Fig.|5] shows the histogram of the merged 
sample, where the two peaks have become more distinguished. 
A two-population fit, assuming Gaussian distributions, is also 
indicated by a red solid line. The best fit places the first popula- 
tion around A(Na) - 3.84 + 0.10 (mean and standard deviation) 
or correspondingly [Na/Fe] « -0.30, and the second around 
A(Na) = 4.23 + 0.13 or [Na/Fe] ^ 0.09. The number ratio is ap- 
proximately 1:3, with 25% of the stars in the first group and 75% 
in the second group. We interpret this abundance distribution as 
a result of intra-cluster pollution, raising the Na abundances of 
a second generation of stars relative to the first. This clear dis- 
tinction between the present populations was impossible before 
for NGC 6397, probably because of small number statistics. A 
one-sided Anderson-Darling test of the cumulative distribution 



function returns a probability of 1 1 % that the Na abundances 
can be described by a single normal distribution with the mean 
and standard deviation of the full sample (< A(Na) >= 4.17 and 
cr = 0.21). 

Two of the RGB stars analysed in this study have Na abun- 
dances that clearly place them in the first generation (A(Na) < 
4.0, #5644 and #17691). One additional star may be regarded as 
a limiting case (A(Na) - 4. 10+0.09, #14592), but after consider- 
ing its comparably high Mg and O levels we also assign this star 
to the first generation. The remaining 18 RGB stars are assigned 
to the second generation. We ascribe to low number statistics 
the finding that only three out of 21 RGB stars belong to the 
first generation (since the number ratio found for the full sam- 
ple is approximately 1 : 3, we would have expected five stars). 
As can be seen from Fig.|6l displaying the O, Na, Mg, and Al 
abundances, the populations are most clearly distinguished in a 
Na-Mg diagram, probably because of the more precise deter- 
mination of these abundance ratios compared to O and Al. The 
Al lines are not detectable in the first generation stars and we 
can only infer upper limits to their Al abundance. Nevertheless, 
the abundances of O, Al, and Mg support the view that the Na- 
rich stars have been polluted by gas enriched in H-burning prod- 
ucts. Table [1] lists the mean abundance ratios relative to iron of 
the stars that we characterise as belonging to the first and sec- 
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Table 1. Mean abundances and abundance dispersions compared to literature values for NGC 6397. Listed are also the mean abun- 
dances of the RGB stars characterised as belonging to the first generation (< A(X) >i, 3 stars) and second generation (< A(X) >n, 
18 stars), as well as the difference between the two mean quantities. 







"lines 


< A(X) > 


cr 


C09"' 


K07"--' 


GOF 


COO" 


< MX) >i 


< AiX) >„ 


AA(X)ii_, 


[Fe/H] 


21 


11-13 


-2.08 


0.02 


-1.95 


-2.12 


-2.05 


-2.0 


-2.05 ± 0.02 


-2.08 ± 0.01 


-0.03 ± 0.02 


[0/Fe]'= 


17 


1-3 


0.58 


0.13 


0.35 




0.37 


0.15 


0.71 ± 0.04 


0.56 ± 0.03 


-0.15 ± 0.05 


[Na/Fe] 


21 


1-2 


0.11 


0.14 


0.11 




0.31 


0.19 


-0.18 ± 0.07 


0.16 ±0.02 


0.34 ± 0.07 


[Mg/Fe] 


21 


1 


0.31 


0.07 


0.25 


0.37 


0.20 




0.43 ± 0.03 


0.29 ±0.01 


-0.14 ±0.04 


[Al/Fe]^ 


21 


1-2 


0.42 


0.12 






0.35 




< 0.34 


0.44 ± 0.03 


0.10 ±0.07 


[Si/Fe] 


21 


2-A 


0.24 


0.07 


0.28 






0.27 


0.20 ± 0.02 


0.25 ± 0.02 


0.04 ± 0.03 


[Ca/Fe] 


21 


16 


0.25 


0.02 




0.37 




0.20 


0.25 ± 0.02 


0.25 ± 0.01 


-0.00 ± 0.02 


[Sc/Fe] 


21 


5-6 


0.11 


0.03 










0.10 ±0.01 


0.12 ±0.01 


0.01 ± 0.01 


[Ti/Fe] 


21 


3-5 


0.30 


0.03 




0.22 




0.36 


0.31 ±0.01 


0.30 ±0.01 


-0.02 ± 0.01 


[Cr/Fe] 


21 


1-2 


0.02 


0.05 










0.03 ± 0.01 


0.02 ± 0.01 


-0.01 ± 0.02 


[Mn/Fe] 


17 


1 


-0.54 


0.13 










-0.48 ± 0.09 


-0.55 ± 0.03 


-0.07 ± 0.09 


[Co/Fe] 


13 


1 


0.10 


0.10 










0.12 ±0.08 


0.09 ± 0.03 


-0.03 ± 0.09 


[Ni/Fe] 


21 


8-13 


-0.14 


0.04 










-0.15 ±0.03 


-0.14 ±0.01 


0.01 ± 0.03 


[Cu/Fe] 


13 


1 


-0.89 


0.09 










-0.87 ± 0.05 


-0.90 ± 0.03 


-0.03 ± 0.06 


[Zn/Fe] 


21 


1 


0.01 


0.06 










0.02 ± 0.03 


0.01 ± 0.02 


-0.01 ± 0.03 


[Y/Fe] 


21 


2 


-0.26 


0.03 








-0.16 


-0.29 ± 0.01 


-0.25 ± 0.01 


0.04 ± 0.01 


[Zr/Fe] 


5 


1 


0.11 


0.06 










0.14 ±0.10 


0.10 ±0.03 


-0.04 ±0.11 


[Ba/Fe] 


21 


1-2 


-0.08 


0.05 




-0.18 




-0.16 


-0.12 ±0.04 


-0.07 ± 0.01 


0.05 ± 0.04 


[Ce/Fe] 


4 


1 


0.42 


0.04 










0.42 ±0.14 


0.42 ± 0.03 


0.00 ±0.14 


[Nd/Fe] 


16 


3-5 


0.18 


0.05 










0.14 ±0.05 


0.19 ±0.01 


0.05 ± 0.05 


[Eu/Fe] 


8 


1 


0.40 


0.06 










0.38 ± 0.05 


0.41 ± 0.03 


0.03 ± 0.06 



" Carretta et al. (2009a1 . mean of 13 targets. " Castilho et al. (20001 

[Fe/H] based on Fel lines. mean of ten brightest targets. 
* Kom et al. (2007), mean of six brightest targets. Upper limits treated as detections. 

Gratton et al. (2001) , mean of three brightest targets. ^^^giun^gtaf Q009) solar abundances adopted. 



ond generation. The difi^erence in mean abundance ratios is also 
listed. 

ICarretta et al] (l2009blah measured the Na abundances of a 
large number of RGB stars in NGC 6397 and reported O abun- 
dances or upper limits for a subset of 13 stars. Table [T] lists the 
mean [O/Fe], [Na/Fe], and [Mg/Fe] ratios for this subset, usin g 
the same solar abundances as in this study dAsplund et al.ll2069l) . 
Accounting for the ~ 0.14dex difference in mean [Fe/H] be- 
tween the studies, the mean O, Na, and Mg abundances agree 
rather well (+0.1 dex). However, the full set of Na abundances 
published by Carretta et al. (including the lower resolution mea- 
surements with VLT/GIRAFFE) shows a systematic offset to- 
wards higher values by typically 0.2 dex. The reason for this off- 
set can be traced to differences in the adopted oscillator strengths 
(~ 0.05 dex), as well as differences in the non-LTE corrections 
applied (-0.15 dex). 

According to the distinction recognised by Carretta et al. the 
primordial (first) generation consists of stars with [Na/Fe] < 
[Na/Fe]niin + 0.3 dex, where [Na/Fe]inin is the minimum value 
observed in the cluster and 0.3 dex corresponds to ~ 4cr[Na/Fe] 
and cr[Na/Fe] is the star-to-star error in [Na/Fe]. Adopting this 
definition for our RGB sample, the first generation would con- 
sist of the same three stars, ([Na/Fe][nm = -0.25), but barely 
overlap to also include two of our second-generation targets. All 
the other sample stars would be considered as second-generation 
stars. Furthermore, Carretta et al. define an extreme component 
among the second generation stars, if present, as stars having 
[O/Na] < -0.9 (or [O/Na] < -1.03, adopting the solar abun- 
dances of lAsplundetal.ll2009h . For NGC 6397, none of the 13 
targets analysed by Carretta et al. fall in the extreme component 
according to this definition and the same is true for our sample. 
In numbers, Carretta et al. find that 25+13% and 75+22% of 
their full sample of stars in NGC 6397 belong to the primordial 
and intermediate components, respectively, which agrees per- 
fectly with our results (25% and 75%). 



Finally, we have also inspected the Na abundance histogram 
of the full Carretta et al. (2009) sample, to see whether the same 
double-peaked distribution as in Fig.|5]can be distinguished. This 
is not the case however, which we believe is likely due to the 
larger measurement errors (typically ~ 0.1 dex, according to 
their estimate, compared to ~ 0.05 dex in our study) stemming 
from their lower spectral quality. The possibility that the bi- 
modality seen in our abundance data is artificial and not repre- 
sentative of the true distribution obviously cannot be completely 
ruled out. This is unlikely though, especially considering that the 
two samples (TO+SGB and RGB) display a very similar pattern. 
Furthermore, our Na abundance histogram for NGC6397 bears 
a striking resemblance to the one found bv lMarino et"an (l2008l 
see their Fig. 6) for the higher metallicity cluster M4. On the ba- 
sis of this histogram, the authors find that ~ 36% of the stars 
are centred around [Na/Fe] = 0.07 ± 0.01, whereas the remain- 
ing majority of stars are of second generation, centred around 
[Na/Fe] =0.38 + 0.01. 

Fig. Q compares the abundance ratios of our cluster targets 
to halo field data. As expected, we see that the [Na/Fe] ratio 
of the first generation is in good agreement with the field at this 
metallicity, whereas the Na abundances of the second generation 
are clearly enhanced. The [Al/Fe] ratios of the second generation 
also appear enhanced relative to the field, but only upper limits 
can be inferred for the first generation, limiting our comparison 
to field stars. The [Mg/Fe] and [O/Fe] ratios have smaller total 
ranges in the cluster than [Na/Fe] and [Al/Fe], which reflects that 
the absolute abundances of Mg and O are higher than those of Al 
and Na by almost three orders of magnitude. The measurements 
of O and Mg for both first and second generation stars may be 
compatible with those of the field. 

3.2. Nitrogen 

As mentioned in the introduction, NGC 6397 photometric data 
appear to be very homogeneous. However, colour indices de- 
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Fig. 6. Na, Mg, and Al abundances for 21 stars and O abun- 
dances for 17 stars. The three Na-poor stars that we assign to 
the first generation are marked with by blue squares. 
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Fig. 7. Comparison between abundances of RGB stars in 
NGC 6397 and halo field stars. The blue filled squares repre- 
sent the mean abundances of the NGC 6397 stars assigned to the 
first generation and the red diamonds the mean of the second 
generation. The error bars mark the Icr dispersion. Upper limits 
are treated as detections for the second generation averages for 
Al (two stars) and O (one star) when computing the mean and 
standard deviation. The literature data for halo field stars are as- 
sembled as follow s; bullets represen t Gehren et al. (2006), star 
symbols represent lAndrievskv et"an (l2007l 12008. 2010 ), open 
triangl es ICavrel et al.l (|2004|) . and open diamonds iNissen et al.l 
(l2002h . 



signed specifically to trace elemental abundances may provide 
further s upport for the presence of multiple populations. As re- 
alised by iGrundahl et al.l (l2002l) . the strength of the Stromgren 
ci-index can be used as a tracer of the N abundance, since the u- 
filter involved in constructing this index covers the 336 nm NH 
features. Yong et al. (2008a) empirically defined a more suitable 
index for the purpose, Cy - c\ - {b - y), which removes much of 
the temperature sensitivity of c\. The top panel of Fig. [8] shows 



a y - Cy diagram, in which we have marked the first and sec- 
ond generation targets in this study with different symbols. We 
have also added the RGB targets analysed in Paper I, assigning 
stars with A(Na) < 4.0 to the first generation and A(Na) > 4.0 
to the second. The clear separation between the generations vis- 
ible in Fig.[8]indicates that their N abundances are also affected. 
This correlation between c,,-index and light element abundances 
was also illustrated by Milone et al. (2010) for the more metal- 
rich globular cluster NGC 6752. In both clusters, the first gen- 
eration of stars seem to populate a tight, blue RGB sequence in 
this colour index, and the second generation a more dispersed, 
red sequence. We also note the close analogy with the divided 
Na-rich and Na-poo r RGB sequences in the U -(U-B) diagram 
of M4, as shown bv lMarino et alj (|2008|) . 

In the bottom panel of Fig. [8] we have extracted a box cen- 
tred on the middle RGB and produced a histogram of the 
index. The magnitude cuts are applied to reduce any remain- 
ing bias due to temperature effects. We again see a two-peaked 
histogram, very similar to the one obtained for the Na abun- 
dance. The best fit returns the peak positions at c,. - -0.341 
and Cy - -0.306, with a size relationship of 25% and 75% for 
the left and right peak, in excellent agreement with previously 
inferred number fractions for the first and second stellar genera- 
tion (see Sect. l3.1b . However, the probability that the colours can 
be described by a single Gaussian distribution is 59%, again as 
given by the Anderson-Darling statistics. 

We can estimate the corresponding difference in [N/Fe] 
abundance using t he theor etical calculations (based on synthetic 
colours) by Onehag^etal] (|2b09), giving an approximate sensi- 
tivity of 6cy/S[N/Fe] = 0.04 for stars in the same T^ff and log^- 
ranges in NG C 6752 . A som ewhat stronger sensitivity, 0.06, was 
found by Yon g et al.l (l2008al) who empirically correlated spectro- 
scopic N abundances with Cy-colour for the same stars. This clus- 
ter has a slightly higher metallicity, but still helps us to obtain 
an order of magnitude estimate. The typical A[N/Fe] between 
stars of the first and second generation thus lies in the range 1- 
1 .5 dex. This is consiste nt with spectroscopic N measurements 
by ICarretta etakl (|2005|) . who found that six out of nine SGB 
stars are strongly enhanced in [N/Fe] compared to t he r emain- 
ing sample, by as much as 1.5 dex. Pasquini et al.l ("2008) find 
all three stars in their sample to be highly N-enriched relative to 
the field. Spectroscopic N measurements for a large sample of 
stars in NGC 6397 is obviously desirable to establish the abso- 
lute range of abundances and to verify the apparent bimodality. 

3.3. a and iron-peak elements 

Globular clusters are generally very homogeneous in a and iron- 
peak elements, with the exceptions of peculiar clusters such as 
o) Cen. In NGC 6397, the star-to-star scatter in [Fe/H] in our 
RGB sample is extremely small, only 0.03 dex, when inferring 
the iron abundance from singly ionised lines. The Fe I line abun- 
dances exhibit a slight decreasing trend with decreasing effec- 
tive temperature, which is not seen in Fe II line abundances. The 
same pattern is seen for [Ti/Fe] and [Cr/Fe] ratios, and may indi- 
cate that the temperature scale contains a small systematic bias 
(~ 50 K over a total range of 500 K) or that non-LTE and/or 3D 
effects have minor differential effects. In Table [T] the reported 
Fe, Ti, and Cr abundances are all based entirely on singly ionised 
lines. The abundances of Mn, Co, Cu, and Zn are based on one 
rather weak neutral line, which likely explains the larger star-to- 
star scatter in these abundances. 

In general, the a and iron-peak elements display the expected 
pattern, in agreement with the halo field at this metallicity. The 
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Fig. 8. The top panel shows the V-Cy diagram of NGC 6397. Na- 
poor and Na-rich stars are indicated by blue squares and red di- 
amonds respectively (abundance data from this study and Paper 
I). The bottom panel shows a histogram of the c, index for red 
giants in the magnitude range 12.9 < V < 15. For details, we 
refer to the main text. 



abundances of Ca, Si, Ti, and Sc are overabundant by 0.1 - 
0.3 dex, whereas the iron-peak elements Cr, Co, Ni, and Zn are 
approximately solar. The odd-z elements Mn and Cu are strongly 
under-abundant relative to the Sun, and the low value we inferred 
for Cu (< [Cu/Fe] >= -0.89) is slightly below the values foun d 
for field dwarfs at this metallicity by Primas & Sobeckl (l2008h . 
The mean Mn abundance (< [Mn/Fe] > - -0.54) is very sim- 
ilar to the LTE abundances inferred by 'Berg emann & Gehrenl 
(120081) . but as shown in that study, non-LTE corrections for Mn 
are positive and rather substantial. 

As can also be seen in Table [1] there is no significant differ- 
ence (i.e. > 2cr) between the mean abundances of intermediate 
mass (heavier than Al) and iron-peak elements for the stars that 
we characterise as belonging to the first and second generation. 

3.4. Neutron capture elements 

Metal-poor halo field stars are known to display a large scat- 
ter in some of the neutron capture elements, which cannot be 



explained by observatio nal uncertainties (see e.g. lBarklem et al.l 
l2005HBurris inni2000h . Stars within a globular cluster are gen- 
erally far more homogeneous in their heavy element abundances, 
as shown by for example James et al. (2004) for NGC 6397, 
NGC 6752, and 47 Tuc and by Yong et al.. (.2008b.) for M4 and 
M5. This is confirmed by our study, in which small abundance 
dispersions are found for Y, Zr, Ba, Ce, Nd, and Eu. The mean 
abundance ratios we derive for [Y/Fe] = -0.26 and [Ba/Fe] = 
-0.08 are in reasonable agreement with previous estimates for 
the cluster (in addition to the values listed in Table [1] James et 
al. determined [Y/Fe] - -0.2 and [Ba/Fe] = -0.17 for stars at 
the base of the RGB). The other elements have not been previ- 
ously analysed in NGC 6397. By comparing to the v alues deter- 
mined for the higher metallicity cluster NGC 6752 bv lYong et al.l 
(I2005 '). we can observe good agreement between Zr, Ba, Ce, Nd, 
and Eu abundances. However, for Zr this is partly coincidental; 
accounting for differences in the adopted oscillator strength for 
the Zr II line at 5 1 1 .2 nm, our abundance ratio would be 0.3 dex 
lower. A similar difference is seen when comparing the estimates 
for [Y/Fe]. It thus seems that the two clusters are very simi- 
lar in heavy neutron-capture elements having Z > 56, whereas 
the lighter Z = 39 -40 elements are 0.3 dex less abundant in 
NGC 6397. ^ 

According to iBurris et all (|2000), Y, Zr, Ba, and Ce are 
all mainly s-process elements (72-85% s-process contribution), 
whereas Nd is approximately half r-process, half s-process. Eu 
is an almost pure (97%) r-process element. For the first time, we 
determine the [Ba/Eu] ratio in this cluster, and the value we infer 
(-0.49) is quite close to the scaled solar r-process of -0.8 1 (the 
scaled s-process value is 1.45). The same is true for the [Zr/Eu], 
[Ce/Eu], and [Nd/Eu] ratios, whereas [Y/Fe] is even slightly be- 
low the value expected for a pure r-process contribution. This 
implies that chemical enrichment by core-collapse supernovae 
may be sufficient to explain the observed heavy element abun- 
dances, and that the contribution from AGB stars has been lim- 
ited. 

The two stellar generations are very similar in terms of 
the measured neutron-capture elements (see Table [TJ- Only the 
[Y/Fe] ratio is higher by ~ 3cr in the second generation. The 
difference (0.04 dex) is, however, too small to be convincing. A 
comparison with halo field stars does not provide much informa- 
tion, since the stars in the field are highly scattered. The abun- 
dances we find for NGC 6397 are well within the ranges found 
e.g. by Fran(,;ois et al.. C2007.) for a sample of metal-poor field 
giants. 

3.5. Helium 

If the second generation stars in globular clusters have in- 
deed been enriched in nucleosynthesis products connected to 
hydrogen-burning, they should also have a higher He content 
than their first generation counterparts, although we may only 
spe culate about the exact am ount. 

Idi Criscienzo et all (120101) used the ac curate, proper-motion 
cleaned HST photometry of Richer et"aD (|^008) to measure the 
width of the main sequence in NGC 6397 and constrain the pos- 
sible helium spread in the cluster. Under the assumption that 
70% of the stars belong to the second generation and have a 
Ch-N-i-O enhancement as suggested by spectroscopic observa- 
tions (A[(C -H N -I- 0)/Fe] ~ 0.25 according to CaiTetta et al. 
2005), they conclude that the cluster must be very uniform in He 
abundance, implying that there is a difference of only AY - 0.02 
between the first and second generations. When allowing for 
higher [(C-i-NH-0)/Fe] overabundances, a broader spread in he- 
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Table 2. Stellar parameters for #5644 and #14565 derived as- 
suming a normal-star hydrogen and helium composition. 



Table 3. Iron mass fractions derived for #5644 and #14565, as- 
suming different mass fractions of helium 



ID 














b - y 


Hff 


Ex. eq. 


Photo. 


Ion. eq. 


5644 


4826 


4740 


4597 


1.74 


1.50 


14565 


4811 


4730 


4598 


1.71 


1.52 


A 


15 


10 


-1 


0.03 


-0.02 



Hum (AF of up to 0.04) is compatible with the tightness of the 
main sequence. Here we attempt to constrain this difference us- 
ing spectroscopic arguments instead. 

The He abundance cannot be measured directly in late-type 
stars, but nevertheless influences the emerging stellar spectrum. 
The effects of helium-e nrichment in a cool ste llar atmosphere 
has been investigated bv lStromgren et all (Il982l) . who found that 
changes in the helium-to-hydrogen ratio of F type dwarfs af- 
fect the mean molecular weight of the gas and have an impact 
on the gas pressure. However, helium contributes only negli- 
gible to the line and continuous opacity in a cool atmosphere 
and does not provide free electrons. Therefore. IStromgren et al.l 
concluded and demonstrated that a helium-enrichment can be 
mapped merely as a shift in surface gravity, i.e. a helium- 
enriched atmosphere is similar to a helium-normal atmosphere 
with a higher surface gravity, in terms of temperature structure 
and electron pressure structure. Stars with identical T and 
structures and the same ratio of metals-to-hydrogen also have 
identical spectra. The calculation of the necessary shift in sur- 
face gravity is given by the relation (see equivalent eq. 12 in 
IStromgren etal.lll982h 



\ogg" = log -I- log 



(1 -H4xy)(l +y") 
(l+4x /')(!+/) 



(1) 



where log g' is the surface gravity of the model with helium-to- 
hydrogen ratio y' - Nue/Nii and analogously for the double- 
primed variables. We tested whether the relation also holds for 
our RGB targets by computing two metal-poor MARCS at- 
mospheric models (Asplund et al. 1997) with T^ff = 4700 K. 
One model has extreme helium-enrichment, log^ = 1.65, and 
y = 1.0 (corresponding to helium mass-fraction of F = 0.8). 
The second model is helium-normal, but has a higher surface 
gravity, logg = 1.95, and y = 0.085 {Y = 0.25). All metal 
abundances relative to hydrogen are the same in both models 
([Fe/H] - -2.0), which means that the helium-rich model has 
a lower mass fraction of metals. The temperature structure and 
electron density structure of the two model atmospheres are very 
similar, as expected, and the derived elemental abundances based 
on the models are the same to within ~0.005dex. We thus con- 
sider it safe to use the scaling with surface gravity of normal 
composition models to mimic helium-enhancement. 

We selected one star from each generation to test the hy- 
pothesis of a difference in He-content. The stars have essentially 
identical stellar parameters, which allows a differential compar- 
ison. Table |2] lists the derived stellar parameters for these two 
targets. The absolute Teff-values inferred from fitting the wings 
of the Ha line and from the excitation equilibrium of neutral iron 
are both somewhat lower than the values derived from the pho- 
tometric data, but the difference between the two selected stars is 
small for all methods. Since the true difference in He abundance 
between the stars, if any, is unknown, the effective temperatures 
have been computed by assuming a normal helium-to-hydrogen 
ratio in both objects. None of the methods should be severely 
biased however by this assumption. The Stromgren colours have 



ID 


5644 


14565 


14565 


14565 


y 


0.085 


0.085 


0.170 


1.000 


Y 


0.253 


0.253 


0.405 


0.800 


X 


0.747 


0.747 


0.595 


0.200 


logg 


1.50 


1.52 


1.45 


1.21 


A(Fe) 


5.316 


5.323 


5.323 


5.323 


Z(Fe) * 10* 


8.662 


8.803 


7.007 


2.353 



only a weak sensitivity to surface gravity (~ +15 K per ±0.1 dex 
in logg), which is also true for neutral iron lines (the differen- 
tial impact on the iron abundance inferred from low- and high- 
excitation lines is 0.001 dex per 0. 1 dex in log g, which translates 
to < 0.5 K in effective temperature.). The influence of a higher 
helium-to-hydrogen ratio on the Ha profile has been investigated 
and found to be negligible as well, if the number density of met- 
als remains constant. Based on the information in Table |2] we 
conclude that the difference in effective temperature between the 
stars is likely to be small. We assume that they have the same ef- 
fective temperature and adopt 10 K as a representative error in 
the relative difference. 

The photometric surface gravities were determined in Paper 
I, from the common relation between mass, surface gravity, lu- 
minosity, and temperature. Assuming M - 0.8 M0 and bolomet- 
ric correction BC = -0.390, the resulting values are different by 
0.03 dex only. However, as the evolution of a helium-enhanced 
star is certainly different from that of a helium-normal one, the 
assumption of equal masses for the two stars may be wrong. If 
#14565 is helium-enriched compared to #5644, it should, from 
stellar-evolution arguments, have a lower mass and consequently 
a lower surface gravity. We also calculated surface gravities 
based on the ionisation equilibrium of Fel and Fell. With a 
normal-star composition for both objects, the surface gravity val- 
ues are different by 0.02 dex. If a higher helium mass fraction is 
assumed for 14565, the surface gravity value that establishes the 
equilibrium will shift to lower values in accordance with Eq. 1 . 
However, the iron abundance found relative to hydrogen will be 
the same in both cases. We thus conclude that if the stars have the 
same helium mass fraction, they also have almost the same sur- 
face gravity. If not, the difference in log g cannot be determined 
independently from the difference in helium content. However, 
if logg is calculated by ionisation equilibrium, the effect of the 
helium enhancement will effectively cancel and [Fe/H] will be 
found to be the same. 

We calculate the iron abundances, A(Fe), and iron mass 
fractions, Z(Fe), of 5644 and 14565, using Teff = 4750 K, 

- 1.7 kms"', and the surface gravities that satisfy the ioni- 
sation equilibrium of iron, which is different for different values 
of y. The results are given in Table [3] When assuming a nor- 
mal He composition, the iron abundances of the stars agree to 
within 0.007 dex. A higher mass fraction of helium in 14565 
will not affect the iron abundances derived relative to hydrogen, 
but the mass fraction of iron will be lower. Assuming that the 
mass fractions of iron are exactly the same for the stars, we can 
calculate the corresponding difference in helium mass fraction. 
The errors in AA(Fe) and AZ(Fe) are estimated from the stan- 
dard deviation in the mean difference for each individual line, 
to cancel contributions from uncertainties in oscillator strengths. 
The resulting error is 0.003 dex for Fe I and 0.009 dex for Fe II. 
Adopting a relative uncertainty in effective temperature of lOK 
corresponds to an additional 0.016 dex. The total error budget 
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is thus 0.028 dex, or 6.7% in iron mass fraction. Assuming that 
#14565 have the same Z(Fe) as #5644, AF between the stars 
then becomes 0.01 + 0.06. We caution that this is far from a 
stringent constraint on the true difference in Y, especially con- 
sidering the possibility of a real (small) difference in iron mass 
fraction. However, it is safe to say that our simple arithmetic 
exercise clearly does not support extreme He-enhancement, in 
agreement with the photometric tightness of the main sequence. 

In the c l uster formation scenario described by 
iDecressin et al ] (l2007a h. in which slow winds from rotat- 
ing massive stars pollute the star forming gas, one expects 
an anti-correlation between helium and [O/Na] for second 
generation stars born out of a mixture of stellar ejecta and 
pristine material. As can be seen in Fig. 13 of Decressin et 
al. , the small value implied for AF is fully compatible with 
the corresponding A[0/Na] of 0.65 dex between #5644 and 
#14565. This good a greement persists over the whole mass 
range considered by Decressin et alj ( l2007ah . i.e., for polluter 
stars with masses between 20 and 120 M©. 



4. Consequences for the evolutionary scenario of 
NGC 6397 

We now investigate whether the abundance patterns we de- 
rived for NGC 6397 can be accounted for in the framework of 
the so-called "wind of fast rotating massive stars" (WFRMS) 
scenar io (see e.g. iPrantzos & Charbonnelll2006t IDecressin et alj 
I2007allbh . In this scenario, second generation stars are formed 
from matter ejected through slow winds of individual massive 
stars (M>20 M©), mixed locally with pristine interstellar gas. 

We note from the onset that the main alternative scenario, 
proposing that ejecta from intermediate-mass AGB stars have 
shaped the abundances patterns of light elements may be equally 
successful in explaining the observed anti-correlation of O and 
Na, as weU as an accompa nying mild He enrichment. In partic- 
ular. IVentura & D'Antonal U009 ) show how the O-Na data of 



ICarretta et alJ (l2005h can be reproduced if 50% of AGB ejecta 
are mixed with 50% pristine intracluster gas. The main argu- 
ment against such a scenario is the implied near constancy of 
C+N-hO, as discussed above. IDecressin et al.l (l2009t) demon- 
strate how metal-poor massive rotating AGBs are expected to 
produce very strong C-hN-hO enhancement as He-burning prod- 
ucts are also released in the ejecta. In contrast, for the massive 
star scenario only H-burning products are expected to enter the 
composition of second generation stars, thus maintaining a sta- 
ble sum of C+N+O. 

4.1. Method 



We foll ow the same procedure as des cribed in [ Decressin et 

Ml 

(l2007al) . using the stellar models of IDecressin et all (l2007bl) 
computed for the metallicity of NGC 6752 ([Fe/H] ~ - 1 .56), i.e. 
slightly higher than that of NGC 6397 ([Fe/H]~ -2.08). A dif- 
ference of this size should have no impact on our conclusions 
(Ekstrom et al. 2008). However, the enrichment history of the 
two clusters certainly differ to some extent, which must be con- 
sidered in the analysis. In particular, the fu ll range in O abun - 
dance is twice as large in NGC 6752 (0.8 dex. lYong et"al](l2003h ) 
than in NGC 6397 (0.4 dex, see Fig.|6ll. In addition, NGC 6752 
has a broadened main sequence (Milone et al. 2010) and an ex- 
tended horizontal branch, indicative of a larger variation in the 
He content. 



When estab lishing the recycling process of NGC 6752, 
IDecressin et al.l (|2007a") took into account all the material ejected 
by massive stars rotating at critical velocity, both on the main se- 
quence and during the first part of the central He-burning phas^ 
This allowed the build-up of extreme abundance anomalies in 
both O and Na, and also lead to high He-enrichment for the "ex- 
treme component" of second generation stars. As discussed in 
Sects. ITTI and B. 51 such extreme anomalies appear to be lacking 
in NGC 6397, and the second generation stars are probably only 
mildly overabundant in He. Consequently, we assume that only 
the slow winds ejected on the main sequence by rapidly rotating 
massive stars are recycled into the second generation and we ne- 
glect the material that is lost during the luminous blue variable 
phase. As discussed in Sect. 14. 51 this may have some impact on 
the total mass budget, although most of the mass loss through the 
slow mechanical winds occurs while the rapidly rotating stars are 
on the main sequence (in the case of a 60 Mq rotating at critical 
velocity, 20 M© and 7 Mq are lost through the mechanical wind 
on and slightly after the main sequence, respectively, according 
to these models). We do not venture to discuss in detail the un- 
derlying reason for the different observed abundance patterns in 
NGC 6752 and NGC 6397, but one may speculate that different 
initial masses of these clusters have played a role, especially on 
the amount of pristine gas available to be mixed with the mas- 
sive star ejecta to form second generation stars (see Sect. l4.2b . 
We note also that cluster mass has been identified as one of the 
main parameters governing the chemical patterns of GCs, to- 
gethe r with cluster metallicity, age (se e e.g. Carretta et al.l2009al 
l20Tol) . and environment of formation (iFraix-Burnet et al ■Il2009h . 

4.2. Amount of dilution between massive star ejecta and 
pristine gas 

The star-to-star spread in light element abundances observed in 
globular clusters today may imply that all the material ejected 
by the first generation massive stars was not fully mixed before 
being recycled into the second stellar generation. In addition, 
the measurements of both O and Li pinpoints the formation of 
second generation stars in the vicinity of individual massive stars 
from their slow win ds mixed with pristine i nterstellar matter 

As explained in Decress in et al.l (l2007al ) we may use the ob- 
served Li-Na anti-correlation to estimate the amount of dilution 
between the massive star ejecta that are totally void of Li and the 
pristine intracluster gas left after the formation of first generation 
stars, whose Li abundance is assumed to be equal to the primor- 
dial (Big Bang) value. In addition, we assume that the slow wind 
of each individual massive star experiences locally a variable di- 
lution with time. In the early main-sequence phase, the stellar 
ejecta encounter more pristine gas and are hence more diluted 
than the matter ejected later As the stellar winds become more 
Na-rich later in the course of the evolution of a massive polluter, 
the Li-Na anti-correlation builds up naturally: a second genera- 
tion of stars of a relatively high Li content and a relatively low 
Na abundance are created first, while stars formed from matter 
ejected later have less Li and more Na. 

In Fig.|9] we present theoretical predictions for the Li and Na 
abundance variations in the resulting material out of which sec- 
ond generation low-mass stars are assumed to form. The tracks 



- Owing to strong mechanical mass loss the models predict that 
rapidly rotating stars actually evolve away from the critical limit dur- 
ing the central He-burning phase, before t he He-burning products 
contaminate the slo w wind component (see IDecressin et alj l2007bl ; 
lElcstrom et alll2008h . 
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Fig. 9. Li and Na abundances for TO and SGB stai's in NGC 6397 
(data from Paper I, with improved non-LTE derivation). The ini- 
tial [Na/Fe], shown on the abscissa, has been estimated by cor- 
recting A(Na) for atomic diffusion by +0.2 dex and assuming 
[Fe/H] = -2.1 for all stars. The red bullets represent turn-off 
stars and the blue stars subgiants. Superimposed are the theoret- 
ical predictions for the chemical composition of the matter out 
of which second generation low-mass stars are expected to form 
in the WFRMS scenario. The tracks shown correspond to the 
cases of 20 Mq and 120 Mq polluter stars (dashed and full lines, 
respectively) assuming different values (0.2, 0.4, 0.6, 0.8) for the 
minimum dilution coefficient. See text for more details. 



shown correspond to the cases of the eject a of the 20 Mq and 
120 Mq models bv iDecressin et al ] (|2007b') for different values 
(0.2, 0.4, 0.6, and 0.8) of the minimum dilution (along individ- 
ual tracks dilution decreases from 1 .0 to this minimum value as 
the polluter star evolves). Predictions for polluters with different 
initial masses would fill the whole space between 20 and 120 Mq 
tracks. The initial (pristine) [Na/Fe] value is assumed to be the 
average that we find for first generation stars (i.e., -0.3; see 
Sect. 13. II ). For Li, we consider the value from WM AP and Big 
Bang nucleosynthesis (A(Li) = 2.72 according to .Cvburt et alJ 
[2OO8) and take into account Li depletion of 0.2 dex at the surface 
of both first and s econd generat ion low-mass stars during the 
main sequence (see lCharbonnel & Pr.imas .2005, and Paper I). In 
Fig.|9l the theoretical tracks are superimposed on the Li and Na 
observational data by Paper I for NGC 6397 TO and SGB stars 
that have not yet undergone the first dredge-up. TO and SGB 
stars (defined here as stars fainter and brighter than V - 16.2, 
respectively) are indicated by different symbols to also consider 
the 0. 1 dex difference in A(Li) found between these two groups, 
which in Paper I was interpreted as a sign of a dredge-up of set- 
tled Li. Various degrees of dilution can accurately explain the 
observed spread, and the bulk of the sample can be reproduced 
assuming a minimum dilution factor of 0.5 (i.e., that at least 50% 
of the material that formed the corresponding stars is pristine 
gas). Stars with low-Li and high-Na stars require a lower min- 
imum dilution factor of ~ 0.2. Within the observational errors, 
the overall agreement between the observational and theoretical 
trends and dispersions is satisfactory. 




0.2 0.4 0.6 0.8 1.0 
[O/Fe] 

Fig. 10. O-Na (top) and O-Al (bottom) anti-correlations are 
shown for the giant stars of NGC 6397. Superimposed are the 
theoretical predictions for the chemical composition of the mat- 
ter out of which second generation low-mass stars are expected 
to form. The tracks correspond to the cases of 20, 40, 60, and 
120 Mq polluter stars for a minimum value of 0.2 for the dilu- 
tion coefficient. 



4.3. Expected anti-correlations 

Armed with this calibration for the dilution between massive star 
ejecta and pristine gas we can now make similar predictions for 
the (anti-)correlations between O, Na, and Al. For the compo- 
sition of the pristine cluster gas, we use the average values that 
we derived for first generation stars for O and Na ([O/Fe] = 0.7, 
[Na/Fe] - -0.3). Since we could only derive upper limits to 
the Al abundance of the first generation, we assume a value that 
is approximately compatible with the field at this metalUcity, 
[Al/Fe] = 0.0 (see Fig.EJ. 

The theoretical tracks for the chemical composition of mate- 
rial out of which second generation stars can form are shown in 
Fig-Hni They correspond to the case of a minimum dilution equal 
to 0.2 (for these elements, the tracks for other minimal dilution 
values are superimposed on one another although to different ex- 
tents) for polluters of various initial masses. As can be seen, the 
tracks do not vary much with polluter mass since the central tem- 
perature in massive stars is always high enough to burn protons 
through CNO-cycles and Ne-Na and Mg-Al chains. However, 
the efficiency of the rotationally-induced mixing increases with 
stellar mass, implying that more massive stars give rise to more 
extreme abundance variations. In particular, only the most mas- 
sive stars can be held responsible for the highest Al and Na en- 
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Fig. 11. Expected anti-correlation between helium (in mass frac- 
tion) and [O/Na] for second generation stars (at birth) born out 
of material ejected through slow winds of massive stars and di- 
luted with gas of pristine composition. The tracks correspond 
to the cases of 20 and 120 polluter stars (dashed and full 
lines, respectively) assuming different values (0.2 and 0.8) for 
the minimum dilution coefficient. See text for more details. The 
shaded regions indicate the star-to-star abundance differences 
derived in Sect. l3.5l for #5644 and #14565 and related uncertain- 
ties (A[0/Na] = 0.65 and AY < 0.07). 



richment observed in NGC 6397. Satisfactory agreement is again 
ac hieved between d a ta and p redictions . 

iDecressin et alJ (l2007bh described the sensitivity of the 
model predictions to the nuclear reaction rates adopted in the 
computations. The stellar models used here were computed 
wit h their "set C" for the nuclear reaction rates (see Table 2 
of IDecressin et alj|2b07bl) . In this case, the total magnesium 
abundance decreases by ~ 0.1 dex only. If we were to assume 
an enhance ment o f the ^'^M g(p,y) reaction as done in "set D" 
of Ibecressi n et alj (l2007bl) . we would however predict a total 
magnesium abundance decrease by ~0.15 dex, in slightly better 
agreement with our Mg data in NGC 6397. 

4.4. He content 

We can now make predictions about the helium spread expected 
within the WFRMS scenario with the assumptions described 
above in the specific case of NGC 6397. Fig. [TT] shows the pre- 
dicted variation in He mass fraction as a function of the [O/Na] 
ratio. We also show the values estimated in Sect. l3.5l for #5644 
and #14565. We see that the theoretical helium variation corre- 
sponding to a A[0/Na] of 0.65 is smaller than 0.04, fully compat- 
ible with the spectroscopic estimate, when very modest C-hN-hO 
enrichment is considered as discussed above. 

When assuming a "standard" IMF (slope of 2.35) for the 
massive polluter stars and taking into account the variable di- 
lution process described in Sect. 14. 21 we find that ~ 70% of sec- 
ond generation stars should be born with an helium mass frac- 
tion that is 0.02 higher than first generation stars. In addition, 
about 5-10% of second generation stars are expected to be born 
within the range Y - 0.35 - 0.39. The resulting dispersion in 
Y is compatible with the constraints obtained from the width of 
the main sequence (AY < 0.04), although no blue, very He-rich 



main sequence has been identified in the cluster. This prediction 
is, however, at odds with the lack of a blue tail to the horizontal 
branch in NGC6397. 

4.5. Initial cluster mass 

As discussed in Sect. 13. II about 75% of the long-lived low- 
mass stars still present today in NGC 6397 belong to the so- 
called second generation, while about 25% were born with 
the same chemical co mposi tion as the massive pollute rs. 
Prantzos & Charbonnel (l2006l) and IDecressin et al ] (l2007allbh 
demonstrated that such high a number ratio of second genera- 
tion stars requires either a very flat IMF for the first generation 
of massive stars, or that a very large number of first-generation 
low-mass stars have escaped the cluster 

We thus follow here the second scenario, assuming in ad- 
dition that the first stellar generation contains stars with initial 
masses between 0.1 and 120 M©, while the second generation 
consists only of long-lived low -mass stars (0.1-0.8 Mp ) . This 
assumption was introduced by Prantzos & Charbonnel! (l2006h 
as a simplification and to maximise the ratio of ejecta to live 
stars. Simulations of star formation in the vicinity of rapidly 
rotating massive stars exhibiting disks are required to validate 
this hypothesis on physical grounds. We use a Salpeter IMF 
for the first generation of massive stars. On the other hand, we 
consider that the prese nt-day log-normal distribution derived by 
jParesce & De Marchil ((2000) reflects the IMF of the long-lived 
low-mass stars of both the first and second generation, thus ne- 
glecting the probable scenario that low-mass stars have been 
preferentially evaporated from the dynamically evolved cluster 
(see e.g. lbe Marchi et al...2000.) . 

We can then derive the amount of first-generation long-lived 
stars that must have been lost in order to fit the high ratio of 
second to first generation stars (3:1) found in NGC 6397. As we 
consider pollution by massive star ejecta released on the main 
sequence only, we have less polluter material to form new stars 
than in the case of NGC 6752, as studied by IDecressin et al.l 
(I2007ah . This eff'ect is partially compensated by the higher dilu- 
tion needed to reproduce the Li-Na anti-correlation as we form 
more second generation stars per unit mass released into slow 
winds. 

Finally, we find that about 90% of first generation low-mass 
stars must have been lost by NGC 6397, probably during the 
early event of gas expulsion by supernovae (see Decressin et al] 
I20T0I) . The initial mass of NGC 6397 must thus have been at 
least ten times higher than its present day mass. In this estimate, 
we neglect the long-term dynamical evolution processes that oc- 
cur later on, when the two generations are dynamically mixed, 
i.e., have the same radial di stribution, and should b e ejected from 
the cluster at the same rate (IDecressin et alJ2008l) . This late evo- 
lution can thus not be constrained by the present fraction of first- 
to-second generation stars. 

5. Conclusions 

By studying red giant branch stars in the globular cluster 
NGC 6397, we have demonstrated the possibility of distinguish- 
ing between the present stellar generations spectroscopically, by 
making use of a double-peaked histogram of Na abundances. A 
two-population fit returns a Na abundance similar to the halo 
field for 25% of the stars, which we characterise as belonging to 
a first generation, whereas the remaining 75% (i.e. second gener- 
ation) have highly elevated Na abundances. This bimodal abun- 
dance signature should be verified for an extended sample, and 
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similar histograms may also be possible to produce for N and 
Al abundances, for which large spreads are present in globular 
clusters. The abundance spreads are smaller for O and Mg, mak- 
ing the task more challenging. Highly precise abundance analy- 
sis, with small statistical error bars will be necessary to identify 
these patterns, if indeed present. 

Based on 17 different elements heavier than Al, we conclude 
that there is no evidence that a, iron-peak or neutron-capture 
abundances are significantly different between the stellar gener- 
ations. We have also estimated the diflJ'erence in He abundance 
between two stars of each generation by enforcing the mass frac- 
tion of iron to be same within the error bars of the analysis. This 
small (if any) difference in He is expected from models of cluster 
self-enrichment and also supported by the tightness of the main 
sequence of NGC 6397. The same exercise should be performed 
for other globular clusters, especially those displaying multiple 
main sequences, hopefully bringing us closer to identifying the 
process responsible for early cluster pollution. 

We have finally shown that the abundance patterns observed 
in NGC 6397 can be well reproduced within the "wind of fast ro- 
tating massive stars" scenario. On the basis of the Li-Na relation 
we have been able to infer the dilution factors between the ejecta 
of massive polluters and interstellar gas of pristine composition. 
The observed ratio of second to first generation stars was used to 
estimate the number fraction of first generation long-lived low- 
mass stars that must have been lost by NGC 6397, and thus a 
lower limit to the initial mass of this globular cluster. 

Acknowledgements. We thank M. Bergemann for helpful advice and E. Carretta 
for communicating data. The referee is thanked for many constructive comments 
to the submitted paper. 



Appendix A: Line list and abundance tables 



14 K. Lind et al.: The chemical evolution of NGC 6397. 

Table A.l. Line list with reference to the adopted oscillator sttength. 



Ion 


Wavelength 

[A] 


XI 
[eV] 


logfe/) 


Ref. 


OI 


6300.304 


0.000 


-9.819 


— f 


01 


7771.941 


9.146 


0.369 




01 


7774.161 


9.146 


0.223 




Nal 


5682.633 


2.102 


-0.706 




Nal 


5688.194 


2.104 


-1.406 




Nal 


5688.205 


2.104 


-0.452 




Nal 


8183.256 


2.102 


0.237 




Nal 


8194.791 


2.104 


-0.462 




Nal 


8194.824 


2.104 


0.492 


2 


Mgl 


5711.088 


4.346 


-1.833 




All 


6696.023 


3.143 


-1.347 


4 


All 


6696.185 


4.022 


-1.576 




All 


6698.673 


3.143 


-1.647 


4 


Sil 


5665.555 


4.920 


-1.750 




Si I 


5690.425 


4.930 


-1.769 




Sil 


6155.134 


5.619 


-0.754 




Sil 


6237.319 


5.614 


-0.975 




Cal 


5349.465 


2.709 


-0.310 


6 7 


Cal 


5512.980 


2.933 


-0.464 


•J 


Cal 


5581.965 


2.523 


-0.555 


6,7 


Cal 


5588.749 


2.526 


0.358 


6,7 


Cal 


5590.114 


2.521 


-0.571 


6,7 


Cal 


5601.277 


2.526 


-0.523 


6,7 


Cal 


5857.451 


2.933 


0.240 




Cal 


6102.723 


1.879 


-0.793 




Cal 


6122.217 


1.886 


-0.316 




Cal 


6162.173 


1.899 


-0.090 


g 


Cal 


6166.439 


2.521 


-1.142 


6 7 


Cal 


6439.075 


2.526 


0.390 


6 7 


Cal 


6449.808 


2.521 


-0.502 


6,7 


Cal 


6471.662 


2.526 


-0.686 


6,7 


Cal 


6493.781 


2.521 


-0.109 


6,7 


Cal 


6499.650 


2.523 


-0.818 


6,7 


Sen 


5239.813 


1.455 


-0.765 




Sen 


5526.790 


1.768 


0.024 




Sen 


5641.001 


1.500 


-1.131 




Sen 


5669.042 


1.500 


-1.200 




Sen 


5684.202 


1.507 


-1.074 




Sen 


6245.637 


1.507 


-1.030 




Til 


4981.731 


0.848 


0.504 




Til 


4999.503 


0.826 


0.250 




Til 


5009.645 


0.021 


-2.259 




Til 


5016.161 


0.848 


-0.574 




Til 


5020.026 


0.836 


-0.414 




Til 


5025.570 


2.041 


0.250 




Til 


5147.478 


0.000 


-2.012 




Til 


5210.385 


0.048 


-0.884 


10 


Til 


5866.451 


1.067 


-0.840 


10 


Til 


6258.102 


1.443 


-0.355 


10 


Til 


6258.706 


1.460 


-0.240 


10 


Tin 


4779.985 


2.048 


-1.260 


' 


Tin 


4805.085 


2.061 


-0.960 


5 


Tin 


5005.157 


1.566 


-2.720 


11 


Tin 


5013.686 


1.582 


-2.190 




Till 


5418.768 


1.582 


-2.000 


11 


CrI 


4922.265 


3.104 


0.270 


10 


CrI 


5329.138 


2.914 


-0.064 




Crn 


5237.329 


4.073 


-1.160 




Crn 


5313.563 


4.074 


-1.650 


10 


Mnl 


4783.427 


2.298 


0.042 




Col 


5369.590 


1.740 


-1.650 


12 


Nil 


4904.407 


3.542 


-0.170 


12 


Nil 


4935.831 


3.941 


-0.350 


12 


Nil 


4953.200 


3.740 


-0.580 


13 


Nil 


4980.166 


3.606 


0.070 


13 


Nil 


5017.568 


3.539 


-0.020 


13 


Nil 


5035.357 


3.635 


0.290 


13 


Nil 


5081.107 


3.847 


0.300 


12 
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Table A.l. Continued. 



Ion 


Wavelength 


XI 


log(g/) 


Ref. 




[A] 


[eV] 






Nil 


5082.339 


3.658 


-0.540 


12 


Nil 


5084.089 


3.679 


0.030 


12 


Nil 


5099.927 


3.679 


-0.100 


12 


Nil 


5115.389 


3.834 


-0.110 


12 


Nil 


5155.762 


3.898 


0.011 


5 


Nil 


6176.807 


4.088 


-0.260 


13 


Cul 


5105.537 


1.389 


-1.516 


14 


Znl 


4810.528 


4.078 


-0.137 


15 


YII 


5087.416 


1.084 


-0.170 


16 


YII 


5200.406 


0.992 


-0.570 


16 


Zrll 


5112.270 


1.665 


-0.850 


17 


Ball 


5853.668 


0.604 


-1.000 


IS 


Ball 


6496.897 


0.604 


-0.377 


IS 


Cell 


5274.229 


1.044 


-0.320 


21 


Ndll 


4959.119 


0.064 


-0.800 


19 


Ndll 


5092.794 


0.380 


-0.610 


19 


Ndll 


5249.576 


0.976 


0.200 


19 


Ndll 


5293.163 


0.823 


0.100 


19 


Ndn 


5319.815 


0.550 


-0. 140 


19 


Eun 


6645.064 


1.380 


0.200 


22 


' Wiese et al. (1966) 


"'_MartinetaI. (1988)) 



^ C. Froese Fischer (NIST) 
' Lincke & Ziegenbeiii Q97r) 

Wiese et al. (1969) ~ 
' Vienna Atomic Line 

Database VALD 
^ Smith & Raggett (1981) 
'^mith(1988) 
'*Tmith&0'Nein( 1975) 
'Lawler&Dakin(1989) 
^l^e ref. in Yong et^ (2005) 
Lawleretal. (2001) 



ricKering et ai. (zuu^ 
'^Fuhret al (1988} 
" Wickhife & L awler (1997) 

melski (1975) 

Warner (1968J 

Hannaford et al. (1982) 

Ljung et al. (2006) 
"* Miles & Wiese (196^ 

Komarovskii (1991) 
^° Biemont & Zeippen (1992) 



Table A.2. Individual star abundances and stellar parameters. The propagated abundance rms error due to uncertainty in equivalent width is written below each table entry. For 

iron |Fe/H| is given, whereas all other abundances represent |X/Fe|. 



ID 


7"eff 
logg 


Fen 


Fel 


01 


Nal 


Mgl 


AU 


sa 


Cal 


Sen 


Til 


Tin 


CrI 


Crn 


Mnl 


Col 


Nil 


Cul 


Znl 


Yn 


Zrn 


Ban 


Cen 


Ndn 


Eun 


12138 


4727 


-2.06 


-2.10 


0.45 


0.14 


0.26 


0.51 


0.30 


0.26 


0.13 


0.19 


0.31 


-0.14 


0.01 


-0.43 


0.01 


-0.17 


-0.76 


-0.02 


-0.26 


0.09 


-0.07 


0.39 


0.17 


0.49 




1.52 


0.01 


0.02 


0.05 


0.02 


0.02 


0.04 


0.02 


0.02 


0.04 


0.01 


0.02 


0.04 


0.01 


0.04 


0.02 


0.02 


0.01 


0.09 


0.05 


0.07 


0.01 


0.10 


0.04 


0.03 


16405 


4790 


-2.06 


-2.19 


0.41 


0.29 


0.22 


0.57 


0.23 


0.22 


0.18 


0.15 


0.28 


-0.18 


-0.04 


-0.49 


0.01 


-0.19 


-0.81 


-0.01 


-0.26 


0.01 


-0.06 


0.40 


0.18 


0.39 




1.66 


0.01 


0.02 


0.05 


0.02 


0.02 


0.04 


0.02 


0.02 


0.04 


0.01 


0.02 


0.06 


0.04 


0.05 


0.03 


0.02 


0.01 


0.02 


0.04 


0.07 


0.02 


0.02 


0.02 


0.10 


14565 


4811 


-2.09 


-2.17 


0.47 


0.22 


0.26 


0.51 


0.22 


0.20 


0.12 


0.17 


0.31 


-0.14 


0.01 


-0.50 


0.09 


-0.17 


-0.82 


-0.03 


-0.21 


0.12 


-0.03 


0.48 


0.21 


0.42 




1.71 


0.01 


0.02 


0.06 


0.01 


0.02 


0.05 


0.02 


0.02 


0.04 


0.01 


0.01 


0.08 


0.02 


0.06 


0.02 


0.02 


0.03 


0.05 


0.04 


0.07 


0.01 


0.08 


0.03 


0.08 


5644 


4826 


-2.06 


-2.12 


0.66 


-0.24 


0.37 


0.25 


0.17 


0.21 


0.12 


0.23 


0.33 


-0.14 


0.03 


-0.36 


0.04 


-0.21 


-0.82 


-0.03 


-0.30 


0.14 


-0.10 


0.42 


0.17 


0.38 




1.74 


0.01 


0.02 


0.06 


0.05 


0.02 


9.99 


0.04 


0.02 


0.04 


0.01 


0.04 


0.09 


0.02 


0.05 


0.05 


0.01 


0.02 


0.02 


0.05 


0.10 


0.02 


0.14 


0.03 


0.05 


17163 


4873 


-2.07 


-2.15 


0.51 


0.10 


0.27 


0.32 


0.23 


0.22 


0.11 


0.16 


0.26 


-0.20 


0.03 


-0.58 


-0.12 


-0.18 


-1.03 


-0.02 


-0.24 


0.17 


-0.06 




0.12 


0.30 




1.84 


0.02 


0.02 


0.13 


0.04 


0.03 


0.10 


0.04 


0.03 


0.04 


0.03 


0.03 


0.17 


0.04 


0.14 


0.12 


0.04 


0.09 


0.03 


0.04 


0.08 


0.03 




0.03 


0.18 


20820 


4905 


-2.10 


-2.15 


0.53 


0.14 


0.30 


0.47 


0.27 


0.27 


0.12 


0.19 


0.30 


-0.09 


0.00 


-0.40 


0.11 


-0.16 


-0.91 


-0.04 


-0.27 




-0.09 




0.17 


0.49 




1.92 


0.01 


0.02 


0.08 


0.03 


0.02 


0.05 


0.02 


0.02 


0.04 


0.01 


0.04 


0.09 


0.03 


0.04 


0.05 


0.02 


0.05 


0.01 


0.06 




0.01 




0.06 


0.05 


8952 


4955 


-2.07 


-2.11 


0.72 


0.16 


0.34 


0.34 


0.21 


0.25 


0.13 


0.22 


0.30 


-0.09 


0.00 


-0.60 


0.14 


-0.16 


-0.92 


0.01 


-0.30 




-0.07 




0.19 


0.41 




2.04 


0.02 


0.02 


0.12 


0.04 


0.04 


0.10 


0.04 


0.03 


0.04 


0.02 


0.05 


0.09 


0.04 


0.12 


0.05 


0.03 


0.04 


0.03 


0.06 




0.02 




0.03 


0.11 


10737 


4977 


-2.04 


-2.11 


0.48 


0.09 


0.31 


0.47 


0.24 


0.24 


0.12 


0.22 


0.30 


-0.14 


0.01 


-0.47 


0.19 


-0.17 


-0.88 


-0.04 


-0.25 




-0.10 




0.17 


0.36 




2.10 


0.02 


0.02 


0.08 


0.04 


0.04 


0.09 


0.04 


0.02 


0.04 


0.03 


0.04 


0.07 


0.04 


0.07 


0.07 


0.03 


0.07 


0.03 


0.06 




0.02 




0.04 


0.12 


13006 


5002 


-2.03 


-2.09 


0.54 


0.04 


0.31 


0.14 


0.19 


0.25 


0.10 


0.20 


0.27 


-0.11 


-0.01 


-0.43 


0.16 


-0.17 


-0.80 


-0.03 


-0.28 




-0.12 




0.11 






2.16 


0.02 


0.02 


0.09 


0.04 


0.04 


0.17 


0.04 


0.02 


0.04 


0.03 


0.04 


0.11 


0.05 


0.05 


0.08 


0.04 


0.04 


0.04 


0.02 




0.03 




0.04 




17691 


5003 


-2.01 


-2.05 


0.78 


-0.25 


0.49 


0.30 


0.19 


0.29 


0.11 


0.26 


0.32 


-0.04 


0.06 


-0.42 


0.20 


-0.14 


-0.92 


0.07 


-0.27 




-0.20 




0.04 






2.16 


0.02 


0.02 


0.11 


0.06 


0.04 


9.99 


0.02 


0.03 


0.04 


0.02 


0.04 


0.10 


0.04 


0.05 


0.05 


0.03 


0.11 


0.04 


0.05 




0.03 




0.03 




21284 


5044 


-2.10 


-2.15 


0.57 


0.11 


0.34 


0.45 


0.17 


0.25 


0.12 


0.22 


0.31 


0.01 


0.03 


-0.64 


0.26 


-0.13 


-0.98 


0.02 


-0.25 




-0.10 




0.21 






2.27 


0.01 


0.02 


0.12 


0.04 


0.04 


0.12 


0.06 


0.01 


0.04 


0.01 


0.04 


0.06 


0.05 


0.11 


0.07 


0.01 


0.08 


0.03 


0.04 




0.02 




0.05 




9424 


5047 


-2.08 


-2.18 


0.67 


0.15 


0.28 


0.43 


0.30 


0.23 


0.09 


0.18 


0.26 


-0.06 


0.03 


-0.57 


0.10 


-0.17 


-0.92 


-0.04 


-0.29 




-0.11 




0.21 






2.30 


0.02 


0.02 


0.19 


0.04 


0.04 


0.12 


0.06 


0.02 


0.04 


0.03 


0.06 


0.04 


0.06 


0.13 


0.06 


0.03 


0.14 


0.04 


0.02 




0.04 




0.05 




16248 


5049 


-2.11 


-2.17 


0.38 


0.14 


0.21 


0.45 


0.31 


0.25 


0.13 


0.20 


0.31 


-0.08 


0.05 


-0.49 


0.06 


-0.12 


-1.04 


0.04 


-0.23 




-0.10 




0.25 






2.31 


0.03 


0.02 


0.14 


0.05 


0.04 


0.09 


0.03 


0.03 


0.06 


0.04 


0.04 


0.09 


0.06 


0.20 


0.14 


0.04 


0.08 


0.03 


0.03 




0.03 




0.10 




11363 


5144 


-2.11 


-2.14 


0.67 


0.19 


0.36 


0.26 


0.23 


0.27 


0.12 


0.25 


0.33 


-0.08 


0.07 


-0.92 




-0.11 




-0.11 


-0.25 




-0.10 




0.22 






2.49 


0.02 


0.02 


0.27 


0.05 


0.04 


0.22 


0.06 


0.02 


0.04 


0.03 


0.03 


0.09 


0.09 


0.22 




0.03 




0.12 


0.04 




0.03 




0.11 




9649 


5166 


-2.10 


-2.13 


0.73 


0.22 


0.30 


0.38 


0.25 


0.27 


0.11 


0.26 


0.29 


-0.07 


0.05 


-0.56 




-0.14 




0.02 


-0.29 




-0.09 




0.23 






2.52 


0.02 


0.02 


9.99 


0.05 


0.04 


0.18 


0.06 


0.02 


0.06 


0.03 


0.05 


0.04 


0.07 


0.04 




0.04 




0.04 


0.02 




0.04 




0.09 




14592 


5175 


-2.09 


-2.13 


0.69 


-0.04 


0.43 


0.47 


0.25 


0.25 


0.08 


0.29 


0.29 


-0.08 


0.01 


-0.65 




-0.10 




0.03 


-0.30 




-0.06 




0.20 






2.59 


0.03 


0.02 


0.19 


0.10 


0.04 


9.99 


0.04 


0.03 


0.08 


0.04 


0.09 


0.08 


0.09 


0.08 




0.04 




0.06 


0.05 




0.03 




0.07 




4680 


5180 


-2.12 


-2.15 


0.77 


0.21 


0.36 


0.39 


0.17 


0.29 


0.12 


0.29 


0.31 


0.03 


0.05 


-0.60 




-0.10 




0.11 


-0.20 




-0.08 










2.60 


0.02 


0.02 


0.17 


0.06 


0.05 


9.99 


0.05 


0.02 


0.05 


0.02 


0.04 


0.09 


0.08 


0.05 




0.04 




0.05 


0.03 




0.04 








12294 


5258 


-2.09 


-2.11 




0.24 


0.29 


0.71 


0.22 


0.24 


0.13 


0.28 


0.32 


0.12 


0.12 






-0.16 




0.16 


-0.23 




-0.06 










2.87 


0.04 


0.02 




0.08 


0.08 


9.99 


0.12 


0.04 


0.06 


0.05 


0.04 


0.16 


0.10 






0.06 




0.08 


0.11 




0.04 








7658 


5273 


-2.06 


-2.12 




0.28 


0.23 


0.57 


0.39 


0.25 


0.07 


0.22 


0.25 


-0.14 


0.04 






-0.09 




0.01 


-0.27 




-0.10 










2.91 


0.03 


0.02 




0.06 


0.09 


9.99 


0.08 


0.04 


0.06 


0.05 


0.06 


0.09 


0.20 






0.04 




0.05 


0.13 




0.06 








11142 


5279 


-2.09 


-2.11 




0.17 


0.33 


0.42 


0.12 


0.24 


0.14 


0.25 


0.27 


0.07 


0.06 






-0.13 




0.03 


-0.22 




-0.06 










2.93 


0.02 


0.02 




0.07 


0.08 


0.23 


0.18 


0.02 


0.04 


0.04 


0.04 


0.07 


0.12 






0.04 




0.06 


0.02 




0.03 








7728 


5288 


-2.09 


-2.11 




0.04 


0.28 


0.61 


0.40 


0.24 


0.05 


0.27 


0.34 


0.11 


-0.11 






-0.07 




0.13 


-0.23 




0.06 










2.95 


0.04 


0.02 




0.10 


0.08 


0.17 


0.08 


0.04 


0.04 


0.05 


0.05 


0.07 


0.26 






0.06 




0.06 


0.09 




0.06 
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